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O R I G I N A L  A R T I C L E
Planting exotic relatives has increased the threat posed by 
Dothistroma septosporum to the Caledonian pine populations of 
Scotland
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1  | INTRODUCTION
Over	recent	decades,	a	dramatic	rise	in	the	incidence	of	tree	disease	










The	 first	 involves	 the	 transfer	 of	 endemic	 pathogen	 species	 or	












The	 second	 route	 to	 epidemic	 disease	 involves	 the	 inadvertent	
introduction,	 along	 with	 the	 exotic	 tree	 species,	 of	 one	 of	 its	 co-	
evolved	 pathogens.	 The	 native	 species	 may	 suffer	 serious	 damage	
because	it	has	no	history	of	co-	evolution	with	the	introduced	patho-
gen	(Anagnostakis,	1987).	Disease	problems	can	also	arise	on	the	ex-
otic	 plantation	 species	 if	 the	novel	 environmental	 conditions	 that	 it	














L.	 (Karlman	et	al.,	1994).	More	 recently,	 the	ash	dieback	epidemic	 in	
Europe	caused	by	Hymenoscyphus fraxineus	has	been	linked	with	plant-
ing	 of	 Asian	 Fraxinus mandschurica	 Rupr.	 within	 the	 native	 range	 of	
European	ash	Fraxinus excelsior	L.	(Gross,	Hosoya,	&	Queloz,	2014).
Given	 the	 diversity	 of	ways	 in	which	 planting	 of	 exotic	 relatives	







there	 is	 an	 evolution	 of	 enhanced	 host	 resistance	 (Gomulkiewicz	 &	
Holt,	 1995).	 Where	 both	 exotic	 and	 native	 pathogens	 are	 respon-








Dothistroma	 needle	 blight	 (DNB)	 caused	 by	 the	 ascomycete	
D. septosporum	 is	 currently	 the	 most	 important	 foliar	 disease	 of	
pine	worldwide,	affecting	82	host	pine	species	across	six	continents	
(Drenkhan	 et	al.,	 2016).	 Needle	 infection	 by	 rain-	splashed	 conidia	
(Gibson,	 1972)	 or	 wind-	borne	 ascospores	 (Funk	 &	 Parker,	 1966)	
leads	to	defoliation,	 reduction	 in	growth	and,	 in	severe	cases,	death	
of	 trees	 (Brown	&	Webber,	 2008).	D. septosporum	 is	 believed	 to	 be	
endemic	on	indigenous	pine	populations	in	the	northern	hemisphere	





in	 North	America	 on	 P. contorta	 (Roach,	 Simard,	 &	 Sachs,	 2015);	 in	
mainland	 Europe	 on	 Pinus nigra	 (Poir.)	 Maire	 (Boron,	 Lenart-	Boron,	
&	Mullett,	2016;	Drenkhan	et	al.,	2016;	Fabre,	Ioos,	Piou,	&	Marçais,	
2012;	Tomsovsky	et	al.,	 2013);	 and	 in	Britain	on	P. sylvestris,	P. nigra 
and P. contorta	(Brown	&	Webber,	2008).
In	Britain,	the	native	host	for	D. septosporum,	Scots	pine	P. sylvestris, 
comprises	two	distinct	populations.	Caledonian	pines	represent	the	rem-
nants	of	native	P. sylvestris	populations	that	recolonized	Scotland	after	
the	 last	 ice	 age.	They	 are	 confined	 to	 the	Scottish	Highlands	 and	 are	
highly	fragmented,	and	their	distribution	has	been	reduced	to	less	than	
1%	of	 its	 former	area	 (Forestry	Commission	Scotland,	1998;	Steven	&	
Carlisle,	1959).	Nevertheless,	they	retain	high	genetic	diversity	(Kinloch,	
Westfall,	&	Forrest,	1986;	Wachowiak,	Salmela,	Ennos,	Iason,	&	Cavers,	
2011)	 and	are	of	 enormous	 conservation	value	because	 they	 support	
one	 of	 the	 few	 intact,	 semi-	natural	 forest	 ecosystems	 remaining	 in	
Britain	(Mason,	Hampson,	&	Edwards,	2004;	McVean	&	Ratcliffe,	1962).	




Two	 exotic	 pine	 species	 closely	 related	 to	 Scots	 pine	 have	 been	
introduced	to	Britain	and	grown	in	large-	scale	plantations	for	the	last	
60–100	years.	Corsican	pine	P. nigra	subsp.	laricio	accounts	for	13%	of	
conifer	 stands	 in	 England	 and	 has	 been	 successfully	 introduced	 at	 a	
small	number	of	coastal	sites	in	Scotland	(Forestry	Commission	2015).	
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Dothistroma	 needle	 blight	 (DNB)	was	 first	 found	 in	Britain	 in	 the	
1950s	 in	 southern	 English	 nurseries	 on	 four	 exotic	 species:	 Corsican	
pine,	 lodgepole	pine,	Pinus ponderosa	Douglas	ex	C.	Lawson	and	Pinus 
bungeana	Zucc.	ex	Endl.	(Murray	&	Batko,	1962).	No	infection	or	dam-
age	to	Scots	pine	was	reported.	Over	the	next	40	years,	the	presence	


















microsatellite	 marker	 analysis	 of	 a	 large	 sample	 of	 D. septosporum 















the	 three	 genetic	 groupings	 of	D. septosporum	 identified	 by	Mullett	
et	al.	(2017)	in	the	current	outbreak	of	DNB	in	the	native	Caledonian	
pinewoods.	We	also	 sought	 to	understand	 the	degree	 to	which	 the	
LPR,	 SR	 and	NPR	 races	 are	 associated	with	 different	 pine	 hosts	 in	
Scotland,	and	to	determine	the	geographic	distribution	of	these	races.	








Replicate	 sites	 throughout	 Scotland	 containing	 adjacent	 stands	 of	
these	 different	 host	 population	 types	 were	 identified,	 and	 from	
these	 sites,	 population	 samples	 of	 D. septosporum	 were	 isolated.	
Clustering	based	on	microsatellite	data	was	used	to	assign	individ-
uals	 to	races,	assess	the	distribution	of	 races	with	respect	 to	host	
type	within	 each	 site	 and	 to	 ascertain	 the	 geographic	 pattern	 of	
races	 among	 sites.	 Further	 samples	 were	 obtained	 from	 isolated	
Caledonian	 pinewood	 sites	 and	 from	 infected	 pine	 nurseries	 to	






for	 the	 current	 distribution	 of	 D. septosporum	 races	 in	 Scotland,	
highlighting	 the	 role	 played	 by	 exotic	 plantations	 of	Corsican	 and	
lodgepole	pine,	and	assessed	the	likely	impact	of	D. septosporum on 
Caledonian	pine	populations.






1. Mixed	plantations	of	Scots	(P. sylvestris)	and	Corsican	pine	(P. nigra 
subsp.	 laricio).	 Three	 sites	 were	 sampled	 in	 2015	 (Culbin	 Forest	
(n	=	39),	 Torrs	Warren	 (n	=	33)	 and	 Tentsmuir	 (n	=	30)).	 At	 each	
site,	 roughly	 equal	 numbers	 of	 isolations	 were	 made	 from	 the	
two	 host	 species.





In	 addition,	 we	 collected	 two	 lodgepole	 pine	 isolates	 from	
Strathpeffer	in	2015	(n	=	2).
3. Caledonian	Scots	pine	sites	 isolated	from	exotic	pine	plantations.	







mation	 relating	 to	 the	 samples	 and	 their	 location	 remains	
confidential.





ture	trees	were	sampled.	A	single	genotype	of	D. septosporum was ob-
tained	from	each	tree.
Single	 spore	 cultures	were	 isolated	 following	 the	 procedure	 de-





Holt	 provided	 a	 single	 isolate	 of	D. septosporum	 from	each	of	 three	
North	American	 populations	 of	 lodgepole	 pine	 (Nass	Valley,	 Brown	
Bear	(1	and	7)	and	Kispiox,	Buckley	Canyon))	(Table	1).
2.2 | DNA extraction and genotyping
2.2.1 | DNA extraction
Fungal	mycelium	was	collected	from	cultures	on	agar	plates	into	2-	ml	
cryovial	 tubes,	 freeze-	dried	 overnight	 (Alpha	 1–4	 LDplus,	 Christ,	







Mating	 type	 variants	 for	 D. septosporum	 were	 determined	 using	
species-	specific	primer	combinations	developed	by	Groenewald	et	al.	
(2007).	 The	 amplification	 reactions	 were	 carried	 out	 using	 GoTaq	
Green	Master	Mix	(Promega,	Madison,	USA).	Each	reaction	comprised	
1×	 Promega	Master	Mix,	 200	nM	 of	 each	 forward	 (F)	 and	 reverse	











To	 investigate	 the	population	 structure	of	D. septosporum,	we	 scored	
11	 microsatellite	 loci,	 using	 primers	 developed	 by	 Barnes,	 Cortinas,	









System	 9700	 thermocycler):	 initial	 denaturation	 at	 95°C	 for	 15	min,	













2.3 | Population genetic analysis of genotype data
2.3.1 | Genotypic clustering
To	infer	the	number	of	genetic	clusters	within	Scottish	populations	of	
D. septosporum,	we	performed	analysis	 in	R	studio	 (v	1.0.136)	using	

















Goudet,	 1995,	 2002).	 Ht	 was	 calculated	 according	 to	 Nei’s	 (1987)	
unweighted	 estimator.	 Overall	 genetic	 differentiation	 between	 the	
clusters,	 among	 populations	within	 the	 clusters,	 as	well	 as	 pairwise	
differentiation	 between	 populations	 was	 measured	 using	Weir	 and	
Cockerham’s	(1984)	estimator	of	θst.	The	significance	of	θst	was	tested	
with	multiple	bootstrapping	over	loci.
     |  5PIOTROWSKA eT Al.
2.3.3 | Multilocus structure of races
For	 each	 cluster,	 the	 number	 of	 multilocus	 genotypes	 was	 found	








(i) Mixed plantations of Scots pines and Corsican pines
Site Year of collection Total no of isolates No of Scots pines No of Corsican pines Lat/Long


















(ii) Caledonian Scots pine sites with adjacent lodgepole pine stands
Site Year of collection Total no of isolates No of Scots pines No of lodgepole pines Lat/Long






































(iii) Isolated Caledonian Scots pine forests
Site Year of collection No of Scots pines Lat/Long








(iv) Forest nursery sites
Site Year of collection Total no of isolates
Southern	Scotland 2011–2015 24 
(0:23:1)
Northern	Scotland 2011–2015 13 
(1:3:9)
Northern	England 2011–2015 3 
(0:3:0)
(v) Northern American samples










1,000	 randomizations.	 In	 the	 second	analysis,	 the	proportion	of	 locus	










2.4 | Analysis of growth rate and exudate production


































otypes	using	DAPC	analysis	 in	 the	adegenet	package	 inferred	three	
discrete	genetic	clusters	within	the	total	D. septosporum	population	in	
Scotland	(Figure	1).








of	D. septosporum	 (LPR).	We	 found	LPR	 in	 all	 sites	where	 isolations	
were	made	from	lodgepole	pine	with	the	exception	of	the	northern	




In	 contrast	 to	 LPR,	 the	 remaining	 two	 genetic	 clusters	 distin-












Caledonian	 Scots	 pine	 trees	 except	 in	 the	most	 easterly	 population	











race	 (NPR).	 In	 addition	 to	 being	 present	 on	 Caledonian	 Scots	 pine,	
NPR	was	also	isolated	from	adjacent	stands	of	lodgepole	pine	and	was	
the	main	race	present	in	northern	Scottish	nursery	samples.	In	mixed	
stands	 of	 Scots	 and	Corsican	 pine,	NPR	predominated	 in	 the	 north	
at	Culbin	 Forest,	 but	 its	 frequency	declined	 to	 the	 south	 (Figure	2).	
Where	present	at	intermediate	frequency	at	Tentsmuir,	it	was	prefer-
entially	found	on	Scots	pine	(χ2	=	6.47,	df	=	1,	p < .05).
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3.3 | Genetic diversity and divergence among and 













sity	Ht	=	0.550.	Allelic	 richness	of	 SR	was	 significantly	higher	 in	 the	
population	occupying	plantations	(A = 3.75)	than	on	Caledonian	pine	









tation	pines	(A = 3.91),	this	difference	was	not	significant	(p = .348).
The	three	D. septosporum	races	were	strongly	genetically	differen-
tiated	from	each	other	with	overall	θst	=	0.558,	p < .01.	LPR	diverged	
the	 most	 from	 the	 other	 two	 races,	 showing	 pairwise	 θst	=	0.8037	
(p < .05)	with	NPR	and	θst	=	0.5119	(p < .05)	with	SR.	The	other	two	
races,	NPR	and	SR,	were	genetically	closer,	with	a	moderate	but	still	
significant	level	of	divergence	θst	=	0.3997	(p < .05).
Within	 the	LPR	 race,	 there	was	no	 significant	genetic	differen-








F IGURE  2 Distribution	of	Dothistroma septosporum	races	(LPR	(red),	SR	(orange)	and	NPR	(blue));	(a)	on	Scots	(S)	and	lodgepole	(L)	pine	at	
Caledonian	pine	sites,	illustrating	data	from	Table	1,	sections	(ii)	and	(iii);	(b)	on	Scots	(S)	and	Corsican	(C)	pine	in	mixed	plantations	and	on	pines	
in	northern	and	southern	Scottish	nurseries	(N),	illustrating	data	from	Table	1,	sections	(i)	and	(iv)
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(Inshriach	 Forest,	 Glen	 Garry,	 Dundreggan,	 Glen	 Affric).	 For	 SR,	




pine	and	plantation	populations	(θst	=	0.101,	p < .01).	 In	NPR,	there	
was	 low	but	significant	genetic	divergence	among	Caledonian	pine	





Caledonian	 pine	 populations	 and	 the	 two	 plantation	 populations	
located	further	south	was	much	higher	(Tentsmuir	θst	=	0.147,	Torrs	
Warren	θst	=	0.656)	(Table	S3).





was	 high	 and	 significant	 linkage	 disequilibrium	 among	 loci,	 in	 both	
the	original	(IA	=	0.842,	rD	=	0.176,	p = .003)	and	clone-	corrected	data	
sets	 (IA	=	0.576,	rD	=	0.124,	p = .015),	as	expected	if	LPR	reproduces	
asexually.
Southern	 race	 (SR)	was	 characterized	 by	 the	 highest	 number	 of	





clone-	corrected	 data	 sets	 (IA	=	0.322,	 rD	=	0.033,	 p < .001).	We	 also	
found	 a	 significant	 amount	 of	 genetic	 divergence	 between	 the	 two	
mating	type	populations	(original	θmt	=	0.107,	p < .01;	clone-	corrected	
θmt	=	0.022,	p < .05),	rejecting	the	hypothesis	of	random	mating	within	





differences	 at	 a	 single	 hypervariable	 locus.	 Linkage	 disequilibrium	
was	 high	 and	 significant	 in	 both	 the	 original	 (IA	=	2.037,	 rD	=	0.245,	
p < .001)	 and	 clone-	corrected	 data	 sets	 (IA	=	2.203,	 rD	=	0.261,	
p < .001).	Although	both	mating	 type	variants	 (mt-	1	and	mt-	2)	were	
present	in	NPR	populations,	the	frequency	of	individuals	bearing	the	
mt-	1	 allele	 was	 limited	 to	 only	 3%	 of	 the	 population.	 Genetic	 dif-
ferentiation	was	 high	 and	 significant	 between	 the	 two	mating	 type	
TABLE  2 Genetic	diversity	measured	at	11	microsatellite	loci	
within	three	Dothistroma septosporum	races	in	Scotland


















Race LPR LPRcca SR SRcca NPR NPRcca








c 0.842**d 0.575* 0.663*** 0.323*** 2.037*** 2.203***
rD
e 0.176** 0.124* 0.067*** 0.033*** 0.245*** 0.261***
%	pairwise	
l.d.f
0 0 46 9 38 27
Θmt
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populations	within	NPR	(original	θmt	=	0.378,	p < .01;	clone-	corrected	
θmt	=	0.396,	p < .01).	The	mating	system	of	NPR	is	therefore	likely	to	
be	 predominantly	 asexual.	 Genotypes	 possessing	 the	 mt-	1	 variant	
were	noticeably	more	genetically	variable	than	those	possessing	mt-	2	
(mt-	1	Ht	=	0.507,	mt-	2	Ht	=	0.153,	p	=	.002).











There	 were	 also	 significant	 differences	 in	 exudate	 production	
among	races	(F2,6	=	11.94,	p = .008)	and	a	significant	race	x	tempera-






















in	 mixture	 with	 Corsican	 pine.	 In	 our	 purely	 Scottish	 sample,	 NPR	

















has	 been	 introduced	 into	 Scotland	 on	 needle	 debris	 accompanying	
lodgepole	pine	seed	imports	from	North	America.	Although	seed	im-
portation	 is	generally	considered	a	 low	biosecurity	 risk,	 there	are	at	
least	two	other	examples	where	it	has	led	to	transfer	of	important	pine	
pathogens	between	North	America	 and	Europe	 (Lecanosticta acicola 
(Janoušek	 et	al.,	 2016);	 Gremmeniella abietina	 (Hamelin,	 Lecours,	 &	
Laflamme,	1998)).
Southern	 race	 (SR)	 is	 the	most	 genetically	 variable	 of	 the	 three	
races	 implying	 a	 large	 effective	 population	 size	 as	 expected	 in	 an	
epidemic	 population.	 Equality	 of	 mating	 type	 frequencies	 and	 low	
(though	significant)	correlation	among	markers	together	with	 limited	
differentiation	 across	mating	 types	 suggests	 that	 SR	may	practise	 a	
low	frequency	of	sexual	reproduction.	Therefore,	some	long-	distance	
dispersal	by	ascospores	could	occur	in	this	race.	Given	the	preference	
of	 SR	 for	Corsican	pine,	 a	 predominantly	 southern	distribution,	 and	
near	 absence	 from	 Caledonian	 pine,	 SR	 is	 likely	 to	 have	 originated	








The	 third	and	most	enigmatic	of	 the	D. septosporum	 races,	NPR,	
is	strongly	associated	with	Caledonian	pine	in	our	study	(125	of	130	





south	 of	 the	 Scottish	 border.	A	 plausible	 hypothesis	 to	 account	 for	
this	host	and	geographic	distribution	is	that	NPR	is	a	northern	race	of	
D. septosporum	endemic	on	Caledonian	pine	that	has	recently	spread	
to	 adjacent	 lodgepole	 pine	 stands,	 plantations	 of	 Corsican	 pine	 in	
northern	Scotland	and	pine	nurseries	in	the	same	geographic	area.
Genetic	 support	 for	 the	hypothesis	 that	NPR	represents	an	en-
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To	 reconcile	 these	 results,	 we	 hypothesize	 that	 D. septosporum 







that	were	unfavourable	 for	 sexual	 reproduction,	 leading	 to	 the	evo-
lution	of	 a	 predominantly	 asexual	 breeding	 system.	Where	environ-
mental	factors	hinder	outcrossing	sexual	reproduction,	mating	system	
transitions	to	uniparental	reproduction	are	known	to	have	taken	place	
in	 a	wide	 range	of	plants	 and	animals	 (Avis,	 2015;	Holsinger,	2000)	
and	are	equally	likely	to	have	occurred	in	fungi	(Taylor,	Hann-	Sodena,	
Brancoa,	Sylvaina,	&	Ellison,	2015).




been	 overlooked,	with	 attention	 being	 focussed	 on	more	 damaging	
needle	pathogens	such	as	Lophodermium seditiosum	(Minter	&	Millar,	
1980).	 Another	 explanation	 may	 be	 that	 populations	 have	 recently	
increased	 in	 size	 due	 to	more	 favourable	 environmental	 conditions	
for	 D. septosporum.	 This	 would	 be	 consistent	 with	 a	 rise	 in	 annual	
temperature	of	0.75°C,	 and	an	 increase	of	23%	 in	annual	 rainfall	 in	
Scotland	 since	 1970	 (Met	 Office,	 2017).	 Circumstantial	 evidence	




significantly	 lower	susceptibility	 than	 those	 in	 low	rainfall	areas,	 the	
pattern	expected	under	long-	term	co-	evolution	(Perry,	Brown,	Cavers,	
Cottrell,	&	Ennos,	2016).
Drawing	 together	 the	 information	outlined	above	and	 that	 from	
Mullett	et	al.	 (2017),	we	can	put	forward	a	tentative	scenario	to	ac-

















easterly	 Caledonian	 pine	 site	 (Glen	Tanar)	 via	 natural	 dispersal,	 and	
in	 more	 northerly	 Caledonian	 pine	 sites	 by	 movement	 of	 infected	
lodgepole	pine.	The	derived	nature	of	SR	 in	Caledonian	pine	sites	 is	




become	 infected	 by	 the	 endemic	 NPR	 race	 of	 D. septosporum dis-
persed	from	Caledonian	pine	populations	present	in	the	region,	with	
































are	 able	 to	 naturally	 regenerate,	 allowing	 the	 evolution	 of	 greater	

















stance,	 the	virulence	 of	 the	 races	may	 be	 increased,	 causing	more	



















nity	 for	greater	 resistance	 to	evolve	 (Perry,	Wachowiak	et	al.,	2016;	
Perry,	Brown	et	al.,	2016).
Overall,	our	 results	demonstrate	 the	power	of	adopting	a	 foren-
sic	 forest	 pathology	 approach	 in	which	 population	 genetic	 analysis	
of	molecular	markers	 is	used	 to	unravel	 the	origins	and	subsequent	
evolution	 of	 emerging	 forest	 pathogens.	 The	 approach	 has	 already	
provided	previously	inaccessible	information	on	the	introduction	path-
ways	and	subsequent	behaviour	of	 forest	pathogens	 in	genera	such	





different	 ecological	 attributes	 (Perez	 et	al.,	 2012).	 Understanding	
these	ecological	differences	may	be	key	to	explaining	the	epidemiol-
ogy	of	the	associated	disease.
From	 a	 wider	 forest	 policy	 viewpoint,	 our	 analysis	 of	 DNB	 in	
Scotland	 provides	 a	 clear	 illustration	 of	 the	 dangers	 of	 establishing	
plantations	 of	 exotic	 tree	 taxa	 that	 are	 related	 to	 and	 share	 patho-
gens	with	native	tree	species	 (Burgess	&	Wingfield,	2017;	Gilbert	&	
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